Introduction
Drought and extreme heat are the largest climate-related threats to global agricultural production (Lesk et al., 2015) . These threats are particularly acute in China, where agricultural food production is deeply vulnerable to extreme droughts. At least 15 catastrophic drought events lasting longer than 3 years and affecting multiple provinces have occurred during the past 1000 years, along with numerous shorter-lived droughts lasting a few months at a time (Zhang, 2005) . The most severe droughts have caused widespread famine and loss of life (Edgerton-Tarpley, 2008; Zhang, 2005; Zhang & Liang, 2010) . Despite the recent increase in the severity of meteorological droughts (Piao et al., 2010) , annual food production in China has successfully transitioned from near famine-level through basic-level to consistent high-level supply during the past 60 years ( Figure 1 ). These changes occurred as the national economy progressed from food rationing through a decade-long free market stage (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) to subsidized farming (2004 up to present) .
In the past six decades, the foremost adaptation policy in China for reducing drought-induced yield loss has been the development of irrigation infrastructure. Irrigated area has increased by more than 400% from 1950 (~15 Mha) to 2013 (~63.5 Mha) (NBS of China, 2010) . Spatial imbalances between irrigation and economic development have resulted in a northward shift in the center of Chinese food production, particularly after the implementation of the Economic Reform and Opening-up Policy in 1978 ( Figure S1a in the supporting information), which replaced the collective farming system with a household responsibility system. Planting area for grain foods in the south ( Figure S1b ) has declined by 22.4% between 1978 and 2014, owing primarily to the intensive labor inputs relative to economic opportunities associated with urbanization. The rapid expansion of irrigation area in northern China ( Figure S1c ) has also played a key role in the northward shift of crop production by improving productivity and reducing risk in drought-prone areas. Expansion of irrigation infrastructure in water-scarce northern China has increasingly been accomplished via the consumption of nonrenewable groundwater resources (Yu et al., 2011) . Irrigation expansion slowed in the south after the 1960s because the area of flat and irrigable lands is limited in this part of China. Government policies for exploiting groundwater in northern China commenced in the late 1960s (Qian, 2009) . The number of irrigation wells has subsequently increased from 0.19 million in 1965 to 5.01 million in 2010 (Ministry of water Resources, China, 2011) , with more than 90% of these wells located in the north. Groundwater has become the primary source of water for irrigation in many northern provinces ( Figure S2 ). Available records indicate that total groundwater storage in the plains in northern China declined by 91 billion cubic meters between 1996 and 2011 ( Figure S1c ) (Ministry of water Resources, China, 2014) . Groundwater depletion threatens future water availability and food security in the face of a changing climate and must be considered in quantifying agricultural drought impacts.
Quantitative evaluation of meteorological drought impacts on past and future food supplies provides important context of policy making for agricultural sustainability. It requires a comprehensive understanding of the relations among the spatiotemporal variations of climate, the complex cropping systems, the irrigation effects, and the availability of water resources. There are multiple approaches being reported to address such relations. For example, survey methodology is helpful to collect first-hand information of how drought has affected crop yields and how farmers adapted to drought Huang et al., 2015; Wang et al., 2009; Yan et al., 2016) . Empirical models have been applied to analyze the statistical relations among meteorological factors and yields (Huang et al., 2013; Qin et al., 2014; Zhang & Huang, 2012; Zhang et al., 2017) . More research efforts have focused on evaluating drought risks based on meteorological (Das et al., Figure 1 . Sixty-year changes in food production and food prices in China. (a) Historical evolution of food production in China since 1950 under an assumption of national self-sufficiency. Data include annual food production per person (AFPP, kcal per person per day, left axis), total staple food production (10 8 tons, right axis), and population growth and mortality rates (%, right axis). (b) Available historical market prices for rice and the average prices for rice, maize, and wheat (RMW) in Chinese yuan (left axis), as well as profit to cost ratios for cereal crop farming (calculated as net profit divided by cost, right axis). The threshold of annual food production per person for famine-level supply is defined as 1,800 kcal per person per day because the mortality rate has historically increased sharply at values below this level. Basic-level supply is defined as 2,250 kcal per person per day. China did not achieve this level of supply until the institution of the Open Door Policy in 1978. High-level supply, defined as 3,000 kcal per person per day, was not achieved until recent years. The shaded regions along the upper edge of Figure 1b mark the food rationing and free market (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) stages. Subsidized farming has been in effect from 2004 through the present, with RMW prices protected and subsidies provided to farming households. Market prices and government subsidies are both included in the net profit ratio shown in Figure 1b . Costs include material, machinery, and labor.
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Earth's Future 2016; Li et al., 2016; Naresh Kumar et al., 2009) , hydrological (Abebe & Foerch, 2008; Shukla & Wood, 2008) , or composite (Ellis et al., 2010; Huang et al., 2011; Palmer, 1965) drought indices (Zargar et al., 2011) . Piao et al. (2010) used precipitation and runoff data together with the Palmer Drought Severity Index (PDSI) to show that north and northeast China have experienced significant increases in hydrometeorological drought since the 1960s (Piao et al., 2010) . They also noted that it is difficult to produce a clear assessment of the impacts of drought on Chinese agriculture and food security under climate change. Such difficulty embodies the knowledge gap between the physical characteristics of extreme hydrometeorological events and their actual and potential impacts as recently emphasized by the World Meteorological Organization (2015).
Realistic crop growth models (Di Paola et al., 2016; Kroes et al., 2000; Mearns et al., 1999; Morgan et al., 1980; Steduto et al., 2009; van Diepen et al., 1989) are arguably one of the best tools to quantify the influences of short-and long-term variations in weather conditions and human management on soil moisture availability, crop growth, and harvest yields (Jin et al., 2016; Niyogi et al., 2015; Singh et al., 2013) at regional (Yu et al., 2014) and global scales. In China, for example, the Environmental Policy Integrated Climate model was applied to evaluate the impacts of drought on yields of cereal crops in China (Jia et al., 2012; Li et al., 2017) . The Crop Environment Resource Synthesis model was used to assess the effects of future climate change on crop yields (Tao & Zhang, 2011; Ye et al., 2013 ). The AquaCrop model was utilized to estimate the effects of irrigation on winter wheat yields on the Loess Plateau . And the Decision Support System for Agrotechnology Transfer model was used to simulate drought impacts on wheat and maize yields in North China Plain (Hu et al., 2014) . In spite of such progress, the following issues need to be improved for enhancing our understanding of agricultural drought risks in China. First, a recent study by Martre et al. (2015) reveals that multimodel ensemble mean (or median) generates more accurate results than using any single crop model due to compensation of the limitations in individual models' structure and parameterization . Second, the complex cropping systems have not been well considered when modeling the nationwide food production. Third, the contribution of irrigation, especially groundwater irrigation, to the food productivity has not yet been well understood. Fourth, the potential consequences of extreme droughts in light of yield losses and water availability are not well quantified. Finally, none of the reported research has truly built the linkage between drought impacts and a clearly defined food security levels for the country (e.g., as shown in Figure 1 ).
We aim to present a comprehensive analysis of agricultural drought impacts in China, integrating climate change, water resource, and socioeconomic factors using multiple models. The multimodel ensemble simulations performed in this study include complex cropping system and provide long historical series for probability calculation. Based on a supercomputer system, the research objectives are to provide quantitative evaluation of (1) the current agricultural drought risk of the major grain crops, (2) the contributions of irrigation to the reduction of agricultural droughts, (3) the potential drought risks under extreme droughts in the scenario of groundwater depletion, (4) the impacts of future climate change on agricultural drought risk, and (5) other social economic effects (e.g., market and policies) on major reductions of grain production, including rice, maize, and wheat.
Methods and Material

Agricultural Drought Risk Assessment
Drought impact on crop yields represents the combined effects of reduced precipitation, increased temperature, increased solar radiation, decreased soil moisture, and human management in an event. It is also related to the frequency of drought events when evaluating the long-term impacts on food production in a specific place because the concept of risk consists of damage (D) and probability (p). Agricultural drought risk in a given place therefore is defined as the following equation:
where R represents risk. D represents drought-induced yield loss in a given drought event relative to a target yield. And p represents probability of this drought event. R can be understood as integral of annual yield losses caused by all possible drought events in this place. D is a combined result from the effects of climate, soil, technology, irrigation, fertilization, and other management on crop growth. Choosing the maximum yield or the average yield as the target yield does not change the probability distribution when evaluating
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Drought Frequency Analysis
We use 60-year historical climate data to simulate daily crop growth and yield formation and derive time series of drought-induced yield losses relative to local maximum yields (Yu et al., 2014) . We have tested a variety of distribution types for goodness of fit tests using the χ-square statistic, including the Weibull, Pearson Type III, Generalized Logistic, Gumbel, Generalized Additive Model, and Generalized Extreme Value (GEV) distributions, and find that the GEV is the best distribution for drought frequency analysis. The historical time series yield loss data are then used to generate the parameters of GEV distributions for each county, each province, and the country as a whole. Damage-probability curves are then generated for China and its subregions. An identical set of GEV parameters is also used for drought frequency analysis in each location for future climate change scenarios.
Crop Model Setting
We evaluate drought impacts on major cereal crops in China based on yield loss and probability as simulated by multiple crop models at the county level. We build agricultural databases containing the parameters required by these models to simulate the daily growth of three main cereal crops (rice, maize, and wheat, or RMW; Figure S3 ) in the 2403 counties of China ( Figure S4 ). The data include 1,510 counties with rice, 1,704 counties with maize, and 2,007 counties with wheat. The baseline for crop modeling is defined with the identical (2007-2011 mean) conditions for land use, soil, crop rotations, and fertilization. We use observed daily climate data from 1955 to 2014 to simulate county-level daily growth and assess historical drought impacts on yields. We then examine potential future changes in drought impacts using projected daily climate data for 2006-2100 from nine global climate models (GCMs).
There are multiple cropping systems in China. Most of the northeastern, northwestern, and Tibetan Plateau regions only have single-cropping systems. Double cropping is dominating in other major agricultural regions. Some places in the south have triple cropping systems. Balancing the water and nutrient budgets in crop modeling can become challenging if only studying a single crop without considering the actual rotation systems. We apply 11 crop rotation systems commonly used in China: rice, maize, spring wheat, winter wheat, maize/winter wheat, rice/winter wheat, rice/rice, rice/vegetable, rice/rice/vegetable, vegetable/winter wheat, and vegetable/maize. The assumed distribution of these crop rotation systems is based on geographical information and county-level archives for all three crop models.
Irrigation Scenarios
Irrigation is crucial for evaluating drought risk in China, but there is a lack of reliable information on when, how, and to what extent farmers irrigated their crops. Our baseline simulations assume that irrigation demands can always be fully met, although water resources may not be sufficient to meet irrigation demands during drought years. Such overestimation of irrigation water use can be reduced through optimizing the parameters to minimize the gap between the modeled and observed yields. Three core irrigation scenarios are considered: baseline irrigation (2007-2011 mean), 1958 irrigation (irrigation is reduced to levels recorded for 1958), and rainfed (no irrigation). The 1958 scenario is used to evaluate the climate and socioeconomic impacts on the reduction of grain production in the following 3 years ( Figure 1 ) with the irrigation level in 1958. We also perform sensitivity studies to evaluate the potential impacts of sustainable groundwater use or total groundwater depletion in northern China on national cereal crop yields. The method is to reduce irrigation areas in each province by an amount consistent with the ratio of groundwater overuse to all groundwater use. Groundwater overuse is defined as groundwater consumption that exceeds annual recharge.
Model Calibration and Validation
We conducted simulations of the three major crops in China on the Sunway Taihu Light Supercomputer hosted by the National Supercomputing Center in Wuxi City, China. Considering energy, water, and fertilization as the primary drivers of grain yield variations, we chose the following crop models in this research: the nitrogen-oriented DNDC (DeNitrification and DeComposition) (Li et al., 1994; Yu et al., 2014) , the wateroriented AquaCrop (Steduto et al., 2009) , and the radiation-oriented SWAP (soil-water-atmosphere-plant, using WOFOST (WOrld FOod STudies) for crop growth modeling, Kroes et al., 2000) . Another reason of
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Earth's Future choosing these models is that the source codes can be transferred to fit the special hardware structure of the supercomputer with relatively less efforts than using other models. We use observed yields from 1998 to 2007 to calibrate the parameters in all three models and observed yields from 2008 to 2010 to validate the resulting configurations. The sensitive parameters selected for optimization are listed in Table 1 . For DNDC and AquaCrop, the prior ranges of these parameter are set as 100 ± 20% of the defaulted values (Li, 2016; Raes et al., 2017) . For SWAP, we use the recommended parameter range in the user manual (Kroes et al., 2009) . All the other crop-related parameters are set as the defaulted values.
We perform Markov chain Monte Carlo simulation for parameter optimization for all three crop models in each of the 2,403 counties using DREAM (DiffeRential Evolution Adaptive Metropolis) algorithm (Vrugt et al., 2009) . We run the models on the supercomputer 2000-3500 samples in each county. With the convergence achieved after the first 1,200-1,800 samples, we use the last 600 postconvergence samples for analysis. These postconvergence samples are then used to estimate uncertainty and determine the optimal parameter sets (defined here as the parameter sets that produce the maximum posterior probability).
Ensemble of Multiple Crop Models
To reduce the predictive uncertainty of model structure, we use the Bayesian Model Averaging (BMA) method to obtain the multimodel ensemble by the linear combination of individual model predictions (Huang et al., 2017) . The DREAM algorithm is also used to derive the weights and variance for the individual ensemble members. Figure S5 shows the results in the calibration and validation periods, including statistics that summarize model performance relative to recorded data from all 2,043 counties (r 2 , root-mean-square error, and biases). After model calibration, the observed or statistical data were applied to validate the modeling results from the site level, the provincial level to the national level.
Uncertainty Estimation
Three sources of uncertainty are considered: model-specific uncertainties estimated using the DREAM algorithm, statistical uncertainties in time mean quantities, and potential measurement errors in national planting area. Uncertainties in model-generated yield loss rates and drought risks are estimated as a 95% confidence interval constructed from postconvergence Markov chain Monte Carlo samples. Statistical errors in time mean quantities are estimated as twice the standard error of the time mean with the number of degrees of freedom adjusted to account for temporal autocorrelations. Potential measurement errors in national 
Results
Impacts of Irrigation on Agricultural Drought Risk
To quantify the contributions of irrigation to reducing agricultural drought risks in China, we simulate daily growth of RMW under a baseline scenario (assuming irrigation fully meets the crop demand) and a rainfed scenario (zero irrigation). We also study other permutations to these limiting case scenarios, such as sensitivity simulations in which baseline irrigation rates are adjusted to match 1958 levels (the "1958 scenario") or to exclude unsustainable groundwater consumption (the "GDW scenario"). Land use, soil conditions, crop rotations, and fertilizer use for all scenarios are based on average records from 2007 to 2011. 
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Earth's Future national RMW yield for the past 60 years occurred in 1990 under both the rainfed and baseline scenarios (Figure 2a ). Applying the simulated maximum yield, we find that the agricultural drought risk R for RMW (Figure 3a ) is much larger under the rainfed scenario (average yield losses of 35 ± 2%) than under the baseline irrigation scenario (4 ± 2%). These results indicate that approximately one third of current RMW production in China (31 ± 2%) can be attributed to irrigation (Figures 2a and 3a) . Drought risks and the contributions of irrigation to reducing these risks vary by crop. Estimated drought yield losses during 1955-2014 are 55 ± 2% for wheat, 27 ± 2% for maize, and 33 ± 2% for rice under the rainfed scenario compared to 7 ± 2% for wheat, 7 ± 2% for maize, and 2 ± 2% for rice under the baseline scenario (Figures 2b-2d and 3b) .
Figures 3a and 3b summarize agricultural drought risks for integrated RMW and rice, maize, and wheat individually under the baseline irrigation and rainfed scenarios as a function of agricultural drought severity.
The probability curves for the yield losses of RMW (Figure 3a) indicate that China can maintain its current high-level food supply (3,000 kcal per person per day) even during extreme drought events so long as agricultural technology, water supplies for irrigation, and planting areas are maintained at the baseline levels. By contrast, without irrigation, basic level food supply (2,250 kcal per person per day) would be threatened approximately every other year (i.e., every year with agricultural drought exceeding the 50th percentile; Figure 3a ).
The northern and northeastern parts of China have grown drier over the past 60 years, with increasing frequencies of meteorological drought (Dai, 2013; Piao et al., 2010) . Without irrigation, we estimate that Figure S4 ). RMW = rice, maize, and wheat.
Earth's Future this signal of increased drought severity during 1995-2014 would have reduced average yields by~5% for wheat and maize relative to (Figures 2b and 2d ). Irrigation has reduced these rises in droughtrelated losses after 1995 to less than 1.5% for maize and wheat. Rice yields were negligibly affected (<0.5%) since rice is mainly grown in southern China (Figures 2c and S3 ) where droughts were less severe. Therefore, irrigation has thus far prevented recent increases in the frequency and severity of meteorological droughts from significantly affecting agricultural productivities.
The maximum simulated yields for different counties may occur in different years. County-level agricultural drought risks are derived from model results using maximum county-level yields, local planting areas for each crop, and local irrigation areas. Figures 3c and 3d show 10-km gridded spatial distributions of agricultural drought risk interpolated from county-level results. Spatial distributions of agricultural drought impacts on RMW yields under the baseline and rainfed scenarios confirm that drought risks and the effects of irrigation in reducing these risks are larger in northern China, particularly in northwestern China. Corresponding spatial distributions of drought risks for each crop ( Figure S8 ) show that drought risks are larger for wheat than for maize or rice. Simulated drought risks for all three crops compare well with the results of site-level irrigation/nonirrigation experiments ( Figure S7 ). The longest of these experiments, which has been conducted in Liuan County of Anhui Province, in the transitional zone between north and south China, indicates that irrigation has improved rice yields by 34% between 1959 and 2013 relative to control plots without irrigation (Shi, 2015) . This observed improvement is consistent with our simulated drought risk for rice in this county (i.e., 33 ± 2%).
Water Resources and Extreme Droughts
Our simulations indicate that the severest national agricultural drought between 1955 and 2014 (a 165-year drought event) occurred in 2000 under both the baseline and rainfed scenarios. This event caused simulated RMW yield losses of 44 ± 2% under rainfed conditions and 9 ± 2% under baseline irrigation. The magnitude of this difference indicates that irrigation was crucial for food production during this drought. The shift in the center of food production in China from the water-abundant south to the water-scarce north has been facilitated in large part by unsustainable consumption of groundwater resources by agriculture in northern China ( Figure S1 ). Reducing this unsustainable groundwater consumption is one of the most pressing grand challenges to agricultural drought management in China (Yu et al., 2011) . We treat groundwater resources as the sum of a long-term storage component and an annual recharge component and then define groundwater overuse as consumption that exceeds the annual recharge component. We construct a groundwater depletion scenario that assumes the elimination of long-term storage due to unstainable water management, such that water for domestic, industrial, and agricultural use can only be withdrawn from surface water sources (streams, lakes, and reservoirs) and the annual recharge component of ground water. We use detailed groundwater use statistics from provincial records (Ministry of water Resources, China) to estimate groundwater overuse during 1999-2014 ( Figure S1c ) and then reduce the prescribed irrigation rates by this amount in the crop model simulations (the groundwater depletion scenario, or GDW). Simulated yield reductions under this groundwater depletion scenario are shown in Figure 2a (pink line). Our simulations indicate that eliminating groundwater overuse in northern China would have reduced national RMW yields by 3 ± 2% on average during 1999-2014 and by as much as 7 ± 2% during drought years.
The impacts of recent extreme droughts at the provincial scale illustrate the importance of sustainable groundwater management. The 2002 agricultural drought was relatively mild nationally (an~8-year return period) but was much more severe in northern China with a 20-year return period in Hebei Province and a 122-year return period in Shandong Province. Our simulations indicate that this drought would have only reduced RMW productivities by 6 ± 2% in Hebei Province and by 10 ± 2% in Shandong Province relative to the nondrought year 1998 if irrigation demands were fully met. Recorded yield data from statistical yearbooks show that cereal crop yields in 2002 were 7% less than those in 1998 in Hebei Province and 9% less than those in 1998 in Shandong, in agreement with our estimates. These relatively mild losses stand in stark contrast to simulated RMW yield losses in these provinces (51 ± 2% in Hebei and 52 ± 2% in Shandong) under the GDW scenario, which assumes zero long-term groundwater storage at the beginning of the year 2002. Table 2 shows annual water resources (surface water plus groundwater recharge from precipitation during 1 year) as recorded by the Ministry of Water Resources. Annual water resources during 2002 were more than 60% less than normal even though annual precipitation in these provinces was only about 30% less than its
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Earth's Future average value (Ministry of water Resources, China). Surface water was dangerously reduced to only one fifth of its long-term average value in both Hebei and Shandong. This type of situation arises during droughts because the combined effects of reduced precipitation and enhanced temperature during these events intensify total evapotranspiration. The data listed in Table 2 illustrate that groundwater depletion could lead to the development of severe water crises in regions with high population densities under drought conditions. Even if water resources received from precipitation in 2002 could have been collected entirely for human use, they would only have met about 40% of the water demand in Hebei and Shandong Provinces, which are collectively home to 157 million people.
Hebei Province experienced a continuous multiyear drought from 1999 to 2002. The average annual RMW yields recorded during these four years were 6% less than yields during the nondrought year 1998. Our simulations indicate that annual mean RMW yields during these four drought years would have declined by 66 ± 2% relative to 1998 without any irrigation, by 46 ± 2% if irrigation water had been strictly limited to annual water resources (i.e., no groundwater overuse), and by 4.5 ± 2% if irrigation water demand had been fully satisfied. These model results explain why extreme droughts often resulted in widespread famine and social unrest in China before the 1950s, when technologies for accessing groundwater resources were first deployed. In modern society, pressures associated with regional food shortages can be relieved by grain stocks and international food markets. However, water shortages in large geographic regions such as these cannot be easily resolved. Such shortages could result in serious conflicts, particularly under extreme or prolonged drought conditions. This potential for social conflict and unrest highlights the importance of sustainable water management and the need to maintain long-term strategic groundwater reserves.
Impacts of Future Climate Change
The increased drought severity observed in the past two decades over northern China is not the norm in climate model simulations, which project generally wetter conditions as the monsoon rain belt is displaced northward under global warming . The observed trend in northern China could be caused by local climate feedbacks that are not captured by climate models (Seneviratne et al., 2006) , or it could result from decadal variability that is not representative of trends during the next century. It is in any case important to consider projections from different climate models in assessing the potential future evolution of drought risks in crop production, rather than to rely on a single climate model. We therefore run the three crop models and evaluate the potential impacts of future climate change on agricultural drought risks in China using output from nine GCMs acquired from the Intergovernmental Panel on Climate Change Climate Model Intercomparison Project Phase 5 archive (Taylor et al., 2012) . Potential CO 2 fertilization effects and other changes in boundary conditions are not considered within the crop models to maintain the focus on the agricultural impacts of meteorological drought. BMA weights for each crop model in all future (2015-2100) scenarios are identical to those derived for the historical . Annual water resources here include incoming surface water and groundwater recharge from precipitation within the boundaries of the specified region during the specified year. Water use includes domestic, industrial, and agricultural uses.
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Earth's Future RCP 2.6, RCP 4.5, and RCP 8.5 (Taylor et al., 2012) . All GCM-based RMW yields have been normalized so that average 2006-2014 yields based on GCM output match average yields based on observed climate data during 2006-2014. Simulated RMW yields from seven of the nine GCMs (78%) indicate that overall grain 
Earth's Future productivities will increase through at least the first half of the 21st century under all three scenarios (Figures 4a, 4c , and 4e) due to increases in precipitation and temperature ( Figure S9 ). Mean baseline RMW yields during the decade 2040-2050 are projected to be larger than mean baseline yields during 1955-2014 by 3.3% under RCP 2.6, by 3.2% under RCP 4.5, and by 2.5% under RCP 8.5. After 2050, RMW yields are projected to stay roughly constant under RCP2.6, drop back toward historical levels under RCP 4.5, and decrease to 2.7% below historical mean under RCP 8.5 (during the decade 2090-2100). These simulations indicate that future climate change will likely be at least temporarily beneficial to grain production in China and also indicate that the duration and magnitude of these potential benefits are reduced for scenarios with larger future greenhouse gas emissions. By contrast, damage-probability curves (Figures 4b, 4d, and 4f) indicate that the risks associated with extreme agricultural droughts will increase in the future under all three emission pathways. For example, assuming baseline irrigation, the expected yield loss associated with a 100-year agricultural drought under the current climate is equivalent to the expected yield loss associated with a 30-year drought under RCP2.6, a 13-year drought under RCP 4.5, and a 5-year drought under RCP 8.5. Figure 4f shows that the increasing drought frequency would double the rate of drought-induced yield losses under the RCP 8.5 scenario even if water resources can fully meet irrigation demands (cf. purple dotted and blue solid lines in Figure 4f ). These findings highlight the urgency of developing and maintaining an accessible strategic groundwater reserve that can help to mitigate the risks associated with the increasing frequency and severity of extreme droughts.
Impacts of Other Socioeconomic Factors
As shown above, the calibrated model simulations presented here accurately reproduce yield losses during severe droughts. However, these simulations do not reproduce the sharpest actual drops in food production during the past six decades, suggesting that these drops cannot be explained by extreme droughts alone. The Great Leap Forward for rapid industrialization and collectivization (1958) (1959) (1960) (1961) is an informative example. National census data show that domestic supplies of RMW dropped by 17% in 1959, 25% in 1960, and 36% in 1961 relative to the nondrought year 1956 (Figure 1a) . These large decreases contrast sharply with simulations assuming irrigation at levels consistent with that time (the 1958 scenario). Simulated RMW yields per unit area during 1959-1961 are comparable with average simulated productivity under this scenario ( Figure 2a ) and only 3-6% less than the simulated yield for 1956. The Great Leap Forward led to sharp reductions in planting area ( Figure S1b) ; however, simulated total yield losses after accounting for changes in planting area are still only 17 ± 2% (1959), 12 ± 2% (1960) , and 16 ± 2% (1961) relative to 1956. Other socioeconomic factors (such as mismanagement fueled by exaggerated production estimates) were also influential in reducing domestic grain supplies. These factors are not quantifiable using available data.
More recently, the total domestic production of RMW dropped by 18% in 2003 relative to the nondrought year 1998 (Figure 1a ). Our baseline ensemble indicates that drought stresses in 2003 can only explain a 3.5 ± 2% drop in RMW production per unit area relative to 1998 (Figure 2a ). Socioeconomic factors were the major drivers that caused a 13% reduction in planting area between 1998 and 2003 ( Figure S1b ). First, grain prices fell substantially between 1996 and 2003 because no price protection policy for grain production. These market changes resulted in a sharp decrease in profitability, with the net profit to cost ratio even dipping below zero in 2000 (Figure 1b) . Second, agricultural taxes and fees remained high as discussed by Tso (2004) . Giving up grain production was an inevitable option in such circumstance. We assess that losses of 13% in food production are about 1.3 times the expected yield losses associated with a 1,000-year drought under baseline irrigation (Figure 3a) . If irrigation water during 2000-2002 was not sufficient, socioeconomic pressures can compound the effects of agricultural droughts. New agricultural policies were formulated in response to the food shortages after 2003 with the intention of stabilizing income in farming households. These policies include agricultural tax exemptions, direct cash subsidies, and grain price protections.
Conclusions and Discussion
China has made tremendous strides toward increased food productivity and security over the past 60 years without expanding planting area. Developing irrigation systems has played an important role in improving food productivity. Figures 2b and 2c) does not necessarily result in the largest grain loss in the nation due to the characteristics of the spatiotemporal distributions of RMW. Therefore, maintaining a reasonable plantation structure for maize, rice, and wheat can be helpful for reducing the overall agricultural drought risk. Fourth, given the contribution of irrigation to food productivity, the largest food reductions in the past 60 years were caused by socioeconomic drivers, rather than by droughts. Finally, the increased extreme droughts in the recent decades may continue in the future and cause higher agricultural risks, even though climate change is likely to bring more precipitation in the north. Preparing water resources for extremes therefore has to be fully considered in drought management.
Policymaking should address two major challenges in future agricultural drought management. The first challenge is that the frequency and severity of agricultural droughts in China are projected to increase under climate change (Figure 4 ). More frequent droughts may have a cumulative effect on the availability of groundwater for irrigation, progressively reducing the margins for water management. More severe droughts that have no analogs in recent history may likewise challenge the water management and adaptation strategies that are currently in place. Our results emphasize the need for a strategic groundwater reserve in northern China. Yet the areas of groundwater irrigation continue to expand, especially in the north and northeast. Achieving sustainable water use requires an integrated national policy that regulates provincial responsibilities in food production in accordance with local land and water resources. For example, grain planting area in the south has declined by 22.4% since 1978. Our model results suggest that recultivating one quarter of the abandoned planting area in the south could replace the food production that currently relies on groundwater overuse in the north. Sustainable intensification should be prioritized in policy making because technological developments for improving harvest ratios and water-use efficiency are more effective at increasing yields than further increases in irrigation areas in the north. For example, in the predominantly rainfed Jilin Province, which produced 13% of the total maize for China in 2013, maize productivity has increased by 163% from 1980 (3134 kg/ha) to 2013 (7,933 kg/ha) despite a provincial irrigation rate of less than 20%. Enhancing farmers' adaption capacities is helpful for reducing drought risks in the north, such as early warning, adjusting seeding or harvesting dates , and compensating insurance fees. Monitoring actual groundwater extraction is a must for effective water management, such as water saving , prevention of overpumping during nondrought years, and compensation of local stakeholders to minimize their losses due to reduced groundwater use and increased drought risks. Storing floodwaters underground by developing and deploying groundwater recharge technologies and dedicated detention basins could also help to restore and maintain a strategic groundwater reserve for drought years, especially given the expectation of more extreme events (both droughts and floods) under future climate change.
The second challenge is that socioeconomic changes can destabilize food planting area and become one of the major uncertainties affecting domestic food security. Despite the subsidy policy that followed the reduction of food production in the early 2000s, the domestic profitability of RMW production has dropped again in recent years (Figure 1b) . The fundamental causes are the high costs in small-sized farming, which result in the domestic costs higher than the international food prices. Improving the efficiency of food production is essential to increase the benefit-cost ratio in food production and maintain food planting area. Diet change is another socioeconomic driver that affects agricultural water use. The decrease of human grain consumption allows adjusting the current crop structure. A previous field study suggests that replacing the current double-cropping system in northern China (winter wheat/summer maize) with a three-crops-per-two-years system (winter wheat/summer maize/spring maize) could reduce groundwater use by 23% while maintaining total productivity at current levels (Gao et al., 2015) . However, increased meat consumption would likely amplify overall water demands because the water footprint for livestock is about 3-5 times that of cereal grains (Mekonnen & Hoekstra, 2010) . A careful reconfiguration of crop planting structures and diet-related water footprint would help to balance regional water resources and food production.
Lessons learned from China about drought adaptation policies in the face of climate change can be helpful for agricultural development in other countries with fast population growth (Bongaarts, 2016) . First, large and continuous government investments in irrigation infrastructure are crucial for enhancing drought adaptation
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Earth's Future capacity. For example, investment in building and maintaining infrastructure for agricultural water resources accounted for 6.6-8.0% of total investment in infrastructure in China between 1955 and 1980 (Ministry of Water Resources, 1988 ; this ratio remained at 3% (about 488.1 billion Chinese yuan) in 2014. Second, a long-term sustainability plan is needed based on a full evaluation of the availability of water resource, technology, and food demands to avoid unbalanced development. Third, it needs a clear definition of safe boundaries of water use for preparing the worst case in terms of extreme events. Finally, improving wateruse efficiency through technology development and policymaking is important when expanding irrigation systems.
Overall, this research advances the study of broad-scale drought risk assessment in multiple ways. We quantify agricultural drought impacts by building integrated data-driven connections among climate, water resource, irrigation, technology, and agricultural management. We propose a generic metric for agricultural drought impact assessment that goes beyond drought indices and statistical approaches in accounting for both drought-induced damage and drought probability and establish that this metric is robust across multiple crop models in a supercomputer platform. Our results address the knowledge gap identified by Piao et al. (2010) to provide a quantitative assessment of agricultural risks in light of climate change, irrigation, and water resources in China's complex cropping systems. The modeling results reveal the contributions of groundwater to food production in normal and extreme drought situations and distinguish the causes between the drought effects and socioeconomic drivers in the largest food reductions during the 1960s and the 2000s. This research in particular provides a holistic view of the quantitative relations among climate, water, and food security in the past and the possible changes in future climate change.
Further study is needed in the next-step improvement. First, it is unclear individual farmers' water use when irrigating their croplands in different space and time. More investigation is required to monitor the actual water use and the availability of current water resources. Second, we are unable to fully consider how climate change will affect the future availability of water resources. Future work should address this limitation by integrating hydrological and crop models, thereby facilitating a more realistic representation of the evolution of water resource availability during extreme droughts. Third, none of the three crop models applied in this work include the effects of pests, storms, or flooding. More case studies with well-understood historical data are required to assess the biases that propagate systematically into the results of all three models. Fourth, historical and future crop parameters are changing, and these changes should be considered in modeling to reduce the uncertainty caused in parameterization. Fifth, geographical scales present an important source of uncertainty when applying crop models to large regions. County-level data represent the finest resolution available for historical records of yields and planting areas, but the soil, terrain, climate, and other relevant factors can vary substantially within a single county. The number of weather stations is also limited, particularly in earlier years, with multiple counties sharing data from a single station in some cases. These limitations may affect the accuracy of the model output. Drought risk maps interpolated from county-level results therefore may not accurately represent drought risks at finer resolutions. Future work will attempt to constrain the potential impacts of these limitations using alternative data sources (such as remote sensing data) and integrated modeling systems that combine climate, water, crop, and socioeconomic models.
